Background: Limited or no epidemiological information has been reported for rabies viruses (RABVs) isolated from livestock in the northeastern Brazilian states of Paraíba (PB) and Pernambuco (PE). The aim of this study was to clarify the molecular epidemiology of RABVs circulating in livestock, especially cattle, in these areas between 2003 and 2009. Findings: Phylogenetic analysis based on 890 nt of the nucleoprotein (N) gene revealed that the 52 livestockderived RABV isolates characterized here belonged to a single lineage. These isolates clustered with a vampire batrelated RABV lineage previously identified in other states in Brazil; within PB and PE, this lineage was divided between the previously characterized main lineage and a novel sub-lineage. Conclusions: The occurrences of livestock rabies in PB and PE originated from vampire bat RABVs, and the causative RABV lineage has been circulating in this area of northeastern Brazil for at least 7 years. This distribution pattern may correlate to that of a vampire bat population isolated by geographic barriers.
Background
Rabies is a fatal infectious disease that causes encephalomyelitis. In Brazil, various rabies viruses (RABVs) have been isolated from numerous animal species, including dogs, foxes, cats, and cattle, as well as from hematophagous, insectivorous, and frugivorous bats. Vampire bats, particularly Desmodus rotundus, are an important rabies vector in Latin America. Transmission from vampire bats to humans has been reported, primarily in the Amazon regions of Brazil and Peru, and a large number of cases of cattle rabies transmitted by vampire bats also have been reported in Brazil [1] . Since the introduction of a regional elimination program, the incidence of human and canine rabies in Latin America has fallen by 90% over the past 20 years. However, northeastern Brazil remains a "hotspot" for human rabies because of circulation of the virus among the dog population [2] . Carnieli Jr. et al. reported the molecular characterization and epidemiology of RABVs isolated from canids in northeastern Brazil [3] [4] [5] , and Shoji et al. reported the genetic and phylogenetic characterization of RABVs isolated from wild fox, insectivorous bats, and livestock in Paraíba (PB) [6] . In Olinda, a city in Pernambuco (PE), 7,062 patients underwent prophylactic antirabies treatment between 2002 and 2006 [7] . Molecular and geographic analyses of livestock rabies in central and southeast Brazil revealed that RABVs isolated from livestock were related to the virus found in vampire bat populations, and this epidemiological pattern was maintained over time and space in these areas [8] [9] [10] [11] . However, little or no information on the molecular epidemiology of RABVs has been reported for the virus isolated from livestock in PB and PE. The aim of the present study was to analyse the molecular epidemiology of RABVs circulating among livestock, especially cattle, in these areas between 2003 and 2009. 
Results
The sequences of 890 nt PCR products, corresponding to nucleotides 89-978 of the Pasteur vaccine (PV) strain, were determined for all 52 RABV isolates. Among the 52 isolates, the nucleotide and amino acid sequence identities were 97.7-100% and 97.9-100%, respectively. Phylogenetic analysis based on the sequences of 890 nt of the N gene revealed that the 52 RABV isolates included in this study clustered with a vampire batrelated RABV lineage; these isolates did not cluster with the dog-, fox-, or insectivorous bat-related RABVs (Figure 1 ). Comparison with RABVs isolated from other states in Brazil indicated that these 52 RABV isolates belonged to a single lineage; furthermore, this lineage was divided between a previously characterized main lineage (B) and a novel sub-lineage (A) consisting of several isolates located in PE. Geographical plotting showed that RABV isolates of the novel sub-lineage were derived from neighbouring areas ( Figure 2 ). The topographical distributions of isolates from lineages A and B could not be distinguished in the areas covered by this study.
Discussion
Segments of the N gene from the 52 RABV isolates, collected from PB and PE between 2003 and 2009, were sequenced and phylogenetically analysed. This N gene segment displayed greater than 97.7% nucleotide and amino acid sequence identity among these 52 RABVs. This correlation implies that the lineage has been maintained during transmission in PB and PE.
The phylogenetic analysis described here indicates that all of the livestock RABVs in PB and PE were derived from vampire bat rabies. Furthermore, the present study Figure  2 ) demonstrates that sub-lineage A was located mainly in high-altitude areas of PE, while sub-lineage B was widely distributed and present in both PE and PB. Thus, these two lineages seem to correlate with geographic factors and/or vampire bat populations, but do not appear to correlate with the year of isolation. Using a 203 nt segment (bases 109 to 311) of the N gene, Kobayashi et al. [8, 9] reported the existence of at least 24 RABV genetic variants among vampire bat-transmitted cases of rabies in cattle in Brazil; the distribution of several of these RABV genetic variants was found to be delimited by geographic boundaries, including mountain ranges and rivers. Our analysis (data not shown) using the same 203 nt segment reveals that the 52 RABV isolates (from PB and PE) of the present study correlate with the same PB lineage described by Kobayashi et al. These results indicate that livestock rabies has been transmitted by vampire bats in PB and PE during this study period. Furthermore, this RABV lineage seems to have been circulating in this area for at least 7 years, with transmission affected by geographic factors and resulting in dispersion of vampire bats among regional populations. Previous reports have shown human exposure to vampire bat-transmitted rabies in northeastern Brazil, including PE [1, 7] . The present phylogenetic analysis suggests that rabies epidemics that occurred in cattle in PB and PE were transmitted by vampire bats. These RABV isolates comprised a lineage independent from that of other Brazilian isolates, with the distinction reflecting isolation from neighbouring regions by geographic factors. Thus, the vampire bat-derived rabies in this area represents an endemic disease, suggesting that the regional control of vampire bat rabies in this area may be a workable model for local elimination of human and livestock rabies.
Conclusions
The present study indicates that occurrences of livestock rabies in PB and PE were caused by vampire bat RABVs, and that this RABV lineage has been circulating in this area of northeastern Brazil for at least 7 years. This pattern of distribution may correlate to that of a vampire bat population isolated by geographic barriers.
Methods
The 52 RABV isolates used in this study were obtained from cattle (46), sheep (3), goats (2), and horse (1), and were collected in PB and PE between 2003 and 2009 ( Table 1 ). Brain specimens from these livestock were diagnosed as RABV-positive by an immunofluorescent antibody test and a mouse inoculation test. These study procedures were implemented in accordance with the Institutional Guidelines for Animal Experiments at the Campina Grande University under the permission (number 129/2009) of the Committee for Experimental Animals of this College. Viral RNA was extracted from the brains of livestock using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany). Nucleoprotein (N) gene sequences from the Brazilian RABV isolates were amplified using RT-PCR with primers JW12 (5'-ATGTAA-CACCYCTACAATG-3') (position: 55-73 of PV) and N8 (5'-AGTTTCTTCAGCCATCTC-3') (position: 1585-1568 of PV), followed by hemi-nested PCR with primer pairs as follows. Primer pair A consisted of JW12 and P2 (5'-CCCATATAACATCCAACAAAGTG-3') (position: 1029-1007 of PV), and generated a 975-nt amplicon. Primer pair B consisted of P1 (5'-CTACAATGGATGCC-GACAAGA-3') (position: 66-86 of PV) and N8, and generated a 1,520 nt amplicon. The nucleotide sequences of RABVs from Brazilian foxes, livestock, and hematophagous and insectivorous bats were obtained from Gen-Bank (Table 1) . Cycle sequencing, nucleotide and amino acid sequence alignments, and phylogenetic analyses were performed as previously described [13, 14] . The geographic origins of the RABV isolates sequenced from the Brazilian livestock were plotted at the municipal level of the respective federal states using MapInfo Professional GIS software (ver. 8.0, MapInfo Japan K.K., Tokyo, Japan). Brazilian maps were obtained from Brasil em Relevo -Embrapa Monitoramento por Satélite [15] .
